For resolving absolute concentration of tissue chromophores in the human adult brain with near-infrared spectroscopy it is necessary to calculate the light scattering and absorption, at multiple wavelengths with some depth resolution. We report a novel methodology that combines multi-distance frequency and broadband spectrometers to quantify chromophores in turbid media by using a spatially resolved algorithm. Preliminary results in a dynamic phantom showed good agreement between measured and theoretical calculated absolute concentrations of known dyes.
Introduction
In cranial near-infrared spectroscopy (NIRS) the quantification of brain tissue chromophores requires high depth sensitivity and the ability to separate the effects of absorption from those of scattering. Haemoglobin, water and cytochrome-c-oxidase are known tissue chromophores in the near-infrared (NIR) region, but their absolute concentrations vary between individuals. It is also likely that other important chromophores, such as fats, may make a significant contribution to the non-haemoglobin absorption. Most of the current spectroscopic methods involve a minimum of two wavelengths, usually above and below the isosbestic wavelength of oxygenated (HbO 2 ) and deoxygenated (HHb) haemoglobin (near 800nm). With multi-spectral data, more chromophores can be resolved improving spectroscopic resolution. In addition to the spectral bandwidth effect, NIR brain investigations would be greatly improved if the spectral information could be enhanced by improving depth resolution. This can be resolved by using a multi-distance (MD) approach and applying the technique of spatially resolved spectroscopy (SRS) [1] . This allows the measurement of the slope of light attenuation versus distance, which provides a high signal-to-noise ratio, and reduces sensitivity to the optical coupling and changes in superficial tissue layers. However in order to calculate the absolute concentration of the tissue chromophores one needs to measure the coefficients of absorption (µa) and of reduced scattering (µs'), which can be determined with time domain or frequency domain spectrometers. Here we propose a method that (i) uses a multi-distance frequency domain (MDFD) system to measure the absorption coefficient (µa) and the reduced scattering coefficient (µs') of tissue at a selection of discrete wavelengths, (ii) assumes a wavelength dependence of scattering and calculate µs' over all wavelengths in the spectral window of interest, (iii) uses a multi-distance broadband spectrometer (MDBBS) to measure the attenuation slope over a wide spectral range and at a number of source detector spacings, (iv) corrects the attenuation slope for the previously calculated µs' and hence determines a depth resolved µa, (v) scales the calculated depth resolved µa with the MDFD measured µa to obtain an absolute measurement of absorption over a wide spectral range. This is an improvement on a previous concept described by Bevilacqua et al.[2] , where they used single sourcedetector separation distances. This papers reports on a novel alternative method to calculate absolute concentration of chromophores in turbid media such as tissue by fusing multi-distance frequency resolved and broadband nearinfrared spectroscopy with a hybrid spatially resolved algorithm. Figure 1 shows the experimental and instrumentation setup. The instrumentation configuration consisted of two spectrometers. The first is a four wavelength (690, 750, 790, 850nm) multi-distance frequency domain (110MHz) spectrometer (MDFD), which is a modification of the commercially available OxiplexTS TM from ISS Inc (Champaign, IL, USA). This instrument allows for the determination of the average value (DC), amplitude (AC) and phase (Φ) of the modulated intensity at two different source-detector distances (3 and 3.5cm) at each wavelength. This multi-distance method affords the quantitative assessment of the absorption and reduced scattering coefficients by using the AC, Φ pair of data as described by Hueber et al. [3] . The second spectrometer is a multi-distance broadband instrument (MDBBS). It consists of a white light source that utilises a 50W halogen bulb and a short pass filter to minimise temperature effects. The spectrograph is based on lenses, with f/#=1:1.2 resulting in a throughput about one order of magnitude larger from conventional spectrometers, and is comprised of a 50×50 mm grating with 300 grooves per mm that is blazed at 1000nm (to optimize the reflection in NIR). The light spectrum is detected by a CCD camera (PIXIS:512f, Princeton Instruments), with chip dimensions of 12.3 × 12.3 mm that corresponds to 512 × 512 pixels with a pixel size of 24 × 24 µm. In order to use most of CCD chip area the current design involves four detector fibres with different diameters, where the diameter of the furthest detector at 3.5cm is 3mm, the diameter for the second detector at 3cm is 2mm and 1mm for the two closest detectors at 2.5cm and 2cm. In addition the geometry of the fibre bundles on the distal end was changed from round to approximate oval in order to decrease the area blocked by the slit. The MDBBS is an upgrade of an early design of a Lens Imaging Spectrograph (or LImS) [4] . The phantom contained 2850ml of deionised water mixed with 150ml of an aqueous scattering suspension (Intralipid-20%); to that mix an absorbing compound, a green dye (Indocyanine green or ICG) was added in four steps of 0.5ml from 25mg of ICG diluted at 200ml of deionised water. Optical measurements were performed with sources and detectors submerged slightly below the surface of the sample.
Results
The MDBBS using the SRS methodology can measure at several wavelengths the slope dA/dρ (light attenuation versus distance) from the algorithm showing in Eq. 1 (see Fig. 2(a) ). This equation is derived from the diffusion approximation which has been described elsewhere[1].
(1)
One can then calculate µa, from Eq. 2 using the MDFD derived µs' values for the four wavelengths and assuming µs' is following a power law (µs'=a -λb where a and b are free parameters in the fit) [5] , we can extrapolate the µs' and derive estimates at all wavelengths needed. We can then calculate µa by substituting µs' in Eq. 2 (see Fig. 2(b) ). For obtaining the absolute µa we finally use the MDFD derived µa for the four wavelengths to scale the calculated MDBBS µa by minimising the mean squared difference between the MDFD µa and the MDBBS µa at the four wavelengths (see Fig. 2(c) ). From the absolute µa we calculate the absolute concentration of ICG and water using their measured specific extinction coefficients (fitting from 740 to 915nm) and then compared them with the theoretical values (see Fig  2.(d) ). The average error between the measured and the theoretical calculated concentration of ICG was 2.3% with a standard deviation of 2.3%.
Conclusion
The central novelty and innovation of this methodology is that by using the MDFD derived µa and µs' values we can convert the MDBBS slope measurements of attenuation to measurements of absolute µa across the NIR wavelength range. This method is especially promising for NIRS of tissue as it can obtain broad wavelength coverage with increased penetration depth. For application to the adult head this method permits rapid data acquisition, some depth resolution and robust resolution of the contributions from the major NIR tissue absorbers. This technology will soon be used for studies in human adult volunteers and patients in neurocritical care unit.
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